A systematic Mn L-edge x-ray absorption is carried out on carefully prepared Ga 0.946 Mn 0.054 As ferromagnetic semiconductors with varying As 2 / Ga flux ratio. It is found that the L 3 peak of the absorption spectroscopy is enhanced after low temperature ͑LT͒ annealing. Furthermore it is shown that a more localized electronic structure nearly like the d 5 high-spin state is obtained. It can be attributed to breaking the Mn S -Mn I pairs during the annealing process. Furthermore the authors present a direct evidence for a slightly increase of the Mn substitutional concentration due to LT annealing. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2746070͔
focused on the ferromagnetic Ga 1−x Mn x As system as a typical class of semiconductors with magnetic and optical properties grown by low temperature ͑LT͒ molecule beam epitaxy ͑MBE͒. [3] [4] [5] [6] [7] In the Mn-doped ͑Ga,Mn͒As, most of the Mn atoms substitute the Ga sites ͑Mn S ͒. These Mn S behave as single acceptors and contribute local moments and holes because of the half-filled 3d shell. However, besides Mn S , there are also some Mn interstitials ͑Mn I ͒ present in the lattice. They act as double donors and may create antiferromagnetically coupled Mn S -Mn I pairs, which strongly suppress the established ferromagnetism. Curie temperature T C for asgrown ͑Ga,Mn͒As is in the range of 30-80 K. Several factors which limit T C have been indicated, e.g., the antisite As, interstitial Mn ͑Refs. 8 and 9͒ as deep donors compensating the holes in GaMnAs films. It has been pointed out that T C can be increased significantly by postgrowth low temperature annealing. 10 By annealing with optimal time and temperatures, the T C can be remarkably improved from below 100 to around 150 K. In order to achieve room-temperature ferromagnetic semiconductors, many efforts have been made to investigate the origin of ferromagnetism in GaMnAs. Therefore it is of great importance to study the states of magnetic impurities in these ferromagnetic semiconductors. Usually, an increase of T C via the low temperature annealing is attributed to the reduction of the Mn I concentration. Although it is not clearly shown what happens to them, there are some suggestions that these removed Mn I segregate at the GaMnAs surface. In spite of these achievements, a better understanding of the material properties of this system is desired.
Due to the localized nature of the 3d valence states, the electronic structure of the Mn atom in the GaAs host is greatly affected by its neighboring atoms. The x-ray absorption spectroscopy ͑XAS͒ is a powerful technique for the direct probing of the 3d valence electronic structure.
11,12 So we measure XAS of ferromagnetic GaMnAs with different As 2 / Ga flux ratios at the Mn L edge. The absorption corresponds to a transition from the Mn-2p core level states to the unoccupied 3d states.
GaMnAs samples studied in this experiment were grown at 250°C in a Riber 32 MBE system on ͑001͒ semiinsulating GaAs substrate. However, each of the samples was grown at different As 2 / Ga flux ratios. The range is limited between 2 and 9. The layers were typically 50 nm thick and the Mn content was chosen to be 5.4% measured by Philips X-pert high-resolution diffractometer with collimating mirror. The XAS measurements were performed at the National Synchrotron Radiation Laboratory in Hefei, China. The experiments were conducted in ultrahigh vacuum of 10 −11 Torr at room temperature. XAS was measured in total electron yield mode. Synchrotron radiation was monochromatized using a varied-line-spacing plane grating. To remove oxidized surface layers, samples have been washed in concentrated HCl for a few seconds, then rinsed in de-ionized water, and inserted in UHV system. All measurements were performed at room temperature. Figure 1 shows XAS spectra across Mn 2p edge for samples ͑a͒ 1, ͑b͒ 2, and ͑c͒ 3 in total electron yield. Samples 1, 2, and 3 were grown at As 2 / Ga flux ratios of 9, 6, and 5. The spectra are normalized for incident photon flux. The features around 638 and 651 eV correspond to the L 3 ͑2p 3/2 → 3d͒ and L 2 ͑2p 1/2 → 3d͒ levels. To compare the data among all samples, we removed a step function background in each curve, as is normally done for 3d transition elements. The as-grown spectra show a nearly free of structures in between the edges and display two broad shoulders around 640.2 and 642 eV. The overall line shape does not appear to change significantly after annealing except for an energy shift of 0.2 eV at L 3 edge. The most interesting effect is the increase of annealing-induced changes in the intensity of the L 3,2 spectra. The intensity of the L 3 peak of sample 2 reaches the maximum. It has attributed the L 3 peak to the Mn S in Ref. 13 after removal of the Mn-rich oxide layers. So the increase in the intensity of the XAS is associated with the enhancement of Mn S component.
Meanwhile the spectra seem similar to the calculated spectrum for the hybridized state reported in Ref. 14, with rather indistinct multiplet splitting compare to MnO, but with a large branching ratio compared to metallic Mn. 15 In order to investigate the electronic structure of the GaMnAs film, we estimate the branch ratio for the Mn L 3,2 -edge XAS spectra. The branch ratio R B defined as R B = ͑A 2p3/2 ͒ / ͑A 2p3/2 + A 2p1/2 ͒, where A is the integrated area under the peaks. R B is strongly influenced by electrostatic interaction and is very sensitive to the change in the electronic structure. As previous study, it reaches the maximum value of ϳ0.8 for the d 5 high-spin state, 16 while 0.73 for bulk Mn͑d 5 + d 6 + d 7 ͒. 17 As shown in Fig. 2 , all values of the estimated R B are very close to 0.8 after annealing. So we can conclude that the strength of interaction between Mn atoms changes after annealing. In addition, it has been dictated that vapor Mn shows pure d 5 high-spin state characteristics for no Mn-Mn interaction. 18 Therefore, it is suggested that the electronic configuration of the GaMnAs film after annealing is more likely to the d 5 high-spin state. As in our previous study, it has been shown that the antiferromagnetic Mn S -Mn I pairs exist in the layers and are broken by annealing. 9 So in the case of GaMnAs layers, the weakness of interaction can also be interpreted as an effect of removing such pairs. In addition, the Mn 3d orbital is more localized for nearly d 5 high-spin state. In Zener mean-field model description, Curie temperature T C is determined by the concentration of holes p and roughly proportional to p 1/3 . Therefore higher T C will be reached due to more holes. For this purpose, resistivity ͓͑T͔͒ is measured using standard four-probe technique. Three samples were prepared under the same growth parameters as samples discussed above. They were annealed at 260°C for 1 h under nitrogen atmosphere. Figure 3 shows the temperature dependence of the resistivity ͑T͒, for samples ͑a͒ 1, ͑b͒ 2, and ͑c͒ 3 with T C indicated. Compared with the as-grown sample, the annealed samples show lower resistivity and higher T C . It is clearly deemed that the properties of epilayers are superior after annealing. This is expected and consistent with the previous result. 10 Obvious enhancements take place on sample 2, which also confirms the conclusion of Fig. 1 . It is observed that the shape and intensity of L 3 peak are sharper and stronger than the other two. That means more localized electronic structure and higher concentration of Mn S composition being obtained in such samples. As antisite are one of major defects in as-grown samples under As-rich growth conditions. These defects play an important role in the low temperature transport properties of GaMnAs films. As is well known, As antisite density depends on the MBE growth conditions and can be adjusted by varying As 2 / Ga flux ratio. Increasing the ratio will also increase the As antisites. Recently, it has been pointed out that there is a balance between Mn I and As antisites defect, 18 which affords a way to suppress one type of defects upon increasing the density of the other defects in as-grown films. 19 Hence it is deduced that high or low As 2 / Ga flux ratio both weakens the effect of the annealing.
In order to verify the effect of Mn I on the lattice of GaMnAs, we have used low temperature thermal annealing which is recognized to remove Mn I defects ͑but dose not affect As Ga antisites͒. 20 The resulting lattice parameter change by LT annealing is thus believed to come from the Mn I .
In Fig. 4 , we show the difference high-resolution x-ray diffraction ͑HRXRD͒ spectra for Ga 1−x Mn x As samples with ͑a͒ x = 0.054 and ͑b͒ x = 0.08. For the GaMnAs samples with 5.4% Mn, the diffraction of peak of the annealed sample shifted a little bit to larger angle ͑0.050°͒, which corresponds to the reduced lattice constant of about 0.4%. The total film thickness has no big change if we calculate it from the interference fringes in the XRD spectrum. Judging from the out of the phase interference pattern in the XRD, the film thickness change is near 0.1 nm ͑half of the x-ray wavelength͒. For the sample with 8% Mn, we find that the peak shift is very large. This is consistent with the fact that there are more Mn I in this sample due to lower growth temperature employed to incorporate higher Mn contents. 21 In conclusion, we have investigated the Mn L-edge x-ray absorption spectroscopy and resistivity measurements on the as-grown and annealed samples with different As 2 / Ga flux ratios. By discarding the surface contaminants, 22 it is found that low temperature transport properties can be improved by breaking the Mn S -Mn I pairs. Besides, a slightly increase of the substitution Mn ͑Mn S ͒ components is observed. The pursuit of increasing the Curie temperature, where postgrowth annealing has shown to be very important, has led to an increasingly deeper understanding of ͑Ga,Mn͒As. 
